Recent advances in neuroimaging have identified a large number of neural measures that could be involved in age-related declines in cognitive functioning. A popular method of investigating neuralcognition relations has been to determine the brain regions in which a particular neural measure is associated with the level of specific cognitive measures. Although this procedure has been informative, it ignores the strong interrelations that typically exist among the measures in each modality. An alternative approach involves investigating the number and identity of distinct dimensions within the set of neural measures and within the set of cognitive measures before examining relations between the 2 types of measures. The procedure is illustrated with data from 297 adults between 20 and 79 years of age with cortical thickness in different brain regions as the neural measures and performance on 12 cognitive tests as the cognitive measures. The results revealed that most of the relations between cortical thickness and cognition occurred at a general level corresponding to variance shared among different brain regions and among different cognitive measures. In addition, the strength of the thickness-cognition relation was substantially reduced after controlling the variation in age, which suggests that at least some of the thickness-cognition relations in age-heterogeneous samples may be attributable to the influence of age on each type of measure.
Introduction
A large number of measures of brain structure and brain function have been found to be negatively related to age, and many of these measures have also been found to be related to measures of cognitive functioning. Consider measures of cortical thickness, as assessed by the distance between the gray matterecerebral spinal fluid (CSF) boundary and the gray matterewhite matter boundary. Because it is postulated to reflect the density of neurons, dendrites, spines, synapses, and glial cells, cortical thickness is a potentially important neural substrate of cognition.
Negative relations between adult age and measures of cortical thickness have been reported in numerous studies (e.g., Ecker et al., 2009; Fjell et al., 2006 Fjell et al., , 2009 Fjell et al., , 2014 Hogstrom et al., 2013; Hutton et al., 2009; McGinnis et al., 2011; Salat et al., 2004 Salat et al., , 2009 Tustison et al., 2014; Westlye et al., 2011) , and many studies have also reported positive relations between measures of cortical thickness and cognitive functioning (e.g., Choi et al., 2008; Desrivieres et al., 2015; Ehrlich et al., 2012; Engvig et al., 2010; Fjell et al., 2006; Haier et al., 2009; Karama et al., 2009 Karama et al., , 2011 Narr et al., 2007; Schilling et al., 2013; Walhovd et al., 2006; Westlye et al., 2009 Westlye et al., , 2011 ; but see Colom et al., 2013) . Based on these 2 sets of findings, it is tempting to postulate that age-related reductions in cortical thickness in specific neuroanatomical regions are involved in age-related reductions in particular types of cognitive functioning. However, we suggest that it is important to consider 2 issues when making these types of inferences; level of analysis, and the degree to which the relation between the 2 types of measures might be dependent on the relation of each measure with age.
Level of analysis
Although sometimes considered individually, most neuroanatomical measures derived from different brain regions are highly related with one another, and most cognitive measures are highly related with one another. This lack of independence implies that some of the relations observed with an individual measure could be shared with influences that affect many measures and are not unique to the target measure. However, shared and unique influences cannot be distinguished unless multiple measures are examined in some type of organizational structure.
Consider Fig. 1 which portrays 3 possible organizations with sets of neural measures and cognitive measures. Panel A illustrates a situation with no structure in either the neural or cognitive measures. Neural-cognition relations could be investigated within a framework such as this by examining all possible combinations of neural measures and cognitive measures. However, this is almost never done because of the extremely large number of possible neural measures that could be obtained across different regions of the brain. Instead, analyses are often conducted to determine which clusters of neural measures are significantly related to particular cognitive measures. Any structure that emerges with this approach is therefore based on relations the neural measures have with that set of cognitive measures and does not necessarily reflect the intrinsic dimensionality of the neural measures, independent of their relations with other types of measures.
An alternative approach to investigate neural-cognition relations is portrayed in panel B in which the 2 types of measures are first grouped into factors representing shared individual difference variance, and then neural-cognition relations are examined at the level of factors instead of individual measures. Unlike the situation portrayed in panel A, interrelations among each type of measure are examined to determine a set of dimensions that parsimoniously represents the structure of individual differences within each type of measure before examining relations between the 2 types of measures.
A third possible structure is illustrated in panel C in which the measures are organized into both specific factors and a common factor. In this latter structure, the common factor represents influences shared among all measures, and the specific factors represent influences shared among subsets of measures that are independent of what is common across all measures. In the psychometric literature, this type of model is known as a bifactor (or nested-factors or orthogonal common factor) model, and the common factor is often designated g.
Bifactor and related hierarchical models of cognitive functioning have been investigated in a large number of studies, including several examining influences associated with adult age (e.g., Hildebrandt et al., 2011; Salthouse and Davis, 2006; Salthouse and Ferrer-Caja, 2003; Salthouse, 2009; Schmiedek and Li, 2004) . A consistent finding in these studies has been a moderately large influence of age on the common factor, with additional influences on one or more cognitive ability factors. Several studies have also examined relations of neural measures with structural models of cognitive ability. For example, Karama et al. (2011) and Menary et al. (2013) found that most of the relations between cortical thickness and cognition in samples of adolescents were evident at the level of the common cognitive factor, and Booth et al. (2013) and Penke et al. (2010) found that most of the relations between measures of white matter integrity and cognitive measures in older adults were at the level of the common cognitive factor.
Although cortical thickness is often measured across very small cortical regions, broad areas of significant thickness-cognition relations have been reported in many studies (e.g., Choi, et al., 2008; Desrivieres et al., 2015; Karama et al., 2011; Menary et al., 2013; Narr et al., 2007; Walhovd et al., 2006) , and some researchers have used a measure of the average thickness across multiple brain regions when examining relations with cognition (e.g., Hedden et al., 2014; Hutton et al., 2009; Schnack et al., 2015) . We are Fig. 1 . Alternative structural models of sets of neural measures and cognitive measures with (A) no structure among either set of measures, (B) organization of the measures into multiple specific factors, and (C) organization of the measures into specific factors and a common factor. aware of only 1 study in which interrelations of cortical thickness measures were examined. In that study, Ecker et al. (2009) found that a hierarchical model with first-order factors corresponding to different lobes provided a good fit to cortical thickness data based on 28 gyrus-defined brain regions. Significant interrelations of measures of regional volume (e.g., Kennedy et al., 2009; Raz et al., 2005) and white matter integrity (e.g., Li et al., 2012; Lovden et al., 2013; Penke et al., 2010 Penke et al., , 2012 Wahl et al., 2010) have also been found in several recent studies, which implies that the measures could be organized into a relatively small number of factors.
Because very few measures within a given modality are unrelated to other measures in that modality, it is important to consider relations among the measures within a given modality when investigating relations between neural measures and cognitive measures. The method advocated here is to first determine the organizational structure with each type of measure, and then examine relations at the broadest or most general levels in the structures before considering any relations that might exist at more specific levels.
Nature of the relation with age
As noted earlier, reductions in cortical thickness with increased age could be postulated to contribute to age-related differences in cognitive performance. However, because many neural and cognitive measures are related to age, at least some of the relations between neural and cognitive measures could be attributable to the relations each type of measure has with age. This possibility can be investigated by comparing the cortical thicknessecognition relations before and after statistical control of the variability in age. The reasoning is that, if the neural-cognition relations are substantially reduced when there is little variation in age, at least some of the relations could be inferred to be attributable to the associations of both the neural and cognitive measures with age.
Present study
To summarize, the primary goal of the present study was to demonstrate the usefulness of a proposed analytical procedure for investigating neural substrates of age-cognition relations involving examination of the structure of cortical thickness measures and of cognitive measures, and investigating the levels in the respective structures at which the 2 types of measures are related to another. In addition, the thickness-cognition relations were examined before and after control of the variation in age to investigate the role of age on those relations.
Method

Participants
Participants were recruited using market-mailing procedures, flyers, and by word of mouth. Potential participants were initially screened by telephone to ensure that they met basic inclusion criteria (i.e., right handed, English speaking, no psychiatric or neurological disorders, and normal or corrected-to-normal vision). All participants found eligible via the initial telephone screen were further screened in person with structured medical, neurological, psychiatric, and neuropsychological evaluations to ensure that they had no neurological or psychiatric disease or cognitive impairment. The screening procedure included a detailed interview that excluded individuals with a self-reported history of major or unstable medical illness, significant neurological history (e.g., epilepsy, brain tumor, stroke), history of head trauma with loss of consciousness for >5 minutes, or history of Axis I psychiatric disorder. Individuals taking psychotropic medications were also excluded. Global cognitive functioning was assessed with the Mattis Dementia Rating Scale (Mattis, 1988) , on which a score of at least 135 was required for retention in the study. In addition, any performance on tests in the cognitive test battery that was indicative of mild cognitive impairment was grounds for exclusion.
The study was approved by the Internal Review Board of the College of Physicians and Surgeons of Columbia University, and after the nature and risks of the study were explained, written informed consent was obtained from all participants before study participation. Participants were compensated for their participation in the study.
Demographic characteristics of the participants are summarized in Table 1 . The participants ranged from 20 to 79 years of age, with some originally recruited to compare young and old adults and others recruited to provide a continuous comparison across adulthood. Although there was variability in the number of individuals in each age decade, this had little effect on the results because the analyses treated age as a continuous rather than categorical variable. Increased age was associated with lower levels of cognition (r ¼ À0.46, p < 0.001) and lower levels of cortical thickness (r ¼ À0.64, p < 0.001). Years of education ranged from 9 to 24, and more education was associated with higher levels of cognition (r ¼ 0.27, p < 0.001) but was not related to cortical thickness (r ¼ À0.05, p > 0.35).
Cognitive measures
Twelve measures were selected from a battery of neuropsychological tests to assess cognitive functioning. Three memory measures were based on sub-scores of the Selective Reminding Task (SRT; Buschke and Fuld, 1974 ). Participants in this task were initially read a list of 12 words and asked to recall as many as they could. For the following 5 trials they were reminded of the words that they did not report and were asked to again recall all of the words in the list. Words are considered to enter long-term storage from the point when they are recalled twice in a row without reminders. The long-term storage sub-score (SRT_LTS) is the sum over all words of the number of trials when each word was in long-term storage. Continuous long-term retrieval (SRT_CLRT) is the sum over all words of the number of trials for which the word was continuously recalled. The third memory measure was the number of words recalled on the last trial (SRT_Last).
Three measures were selected to assess perceptual speed. One was the score on the Digit Symbol subtest from the Wechsler Adult Intelligence Scale (WAIS III; Wechsler, 1997) . Participants in this test were instructed to write the symbol corresponding to specific digits as quickly as possible based on a key specifying the appropriate symbol for each digit. The score is the number of correctly produced symbols in 120 seconds. A second measure was the score on part A of the Trail Making Test (Reitan and Wolfson, 1987) , in which participants are instructed to connect circles numbered from 1 to 24 as rapidly as possible, and performance is assessed as the time to connect all 24 circles. The third speed measure was the number of colored ink patches named in 90 seconds in the control condition of the Stroop color naming test.
Reasoning ability was assessed with scores on 3 different tests. One test was the WAIS III (Wechsler,1997 ) Block Design Test, in which participants are asked to reproduce a series of increasingly complex geometrical shapes using 4 or 9 identical blocks with red, white, or split red and white sides. A second test was the WAIS III (Wechsler, 1997) Letter-Number Sequencing Test in which participants are asked to recall progressively longer lists of intermixed letters and numbers in alphabetical and then numerical order. The third reasoning test was the WAIS III (Wechsler, 1997) matrix reasoning test in which participants are asked to select which pattern in a set of 8 possible patterns best completes a missing cell in a matrix.
Vocabulary was assessed with scores on the Vocabulary subtest from the WAIS III (Wechsler, 1997) , the Wechsler Test of Adult Reading (Wechsler, 2001) , and the American National Adult Reading Test (AMNART; Grober and Sliwinski, 1991) . The Vocabulary subtest asks participants to provide definitions for a series of increasingly advanced words, and the Wechsler Test of Adult Reading and AMNART both involve participants correctly pronouncing irregularly spelled English words.
Cortical thickness measures
Magnetic resonance images were acquired in a 3.0 T Philips Achieva Magnet using a standard quadrature head coil. A T1-weighted scout image was acquired to determine subject position. T1-weighted images of the whole brain were acquired for each subject with an MPRAGE sequence with 180 contiguous 1-mm thick axial slices using the following parameters: repetition time 6.5 ms, echo time 3 ms; flip angle 8 , acquisition matrix 256 Â 256 mm field of view. A neuroradiologist reviewed anatomical scans and data from one participant with clinically significant findings were removed from the sample before data analysis. Each subject's structural T1 scan was reconstructed using the FreeSurfer 5.1 analysis package (http://surfer.nmr.mgh.harvard. edu/), which parcellates cortical regions based on the morphology of the gyri and sulci in each individual participant. The accuracy of FreeSurfer's cortical parcellation has been reported to be comparable to manual labeling (Fischl et al., 2002 . Each subject's white and gray matter boundaries as well as gray matter and CSF boundaries were visually inspected slice by slice by an experienced technician. Manual control points were added in the case of any visible discrepancy, and reconstruction was repeated until satisfactory results were reached for every subject ). The subcortical structure borders were overlaid on the T1 image by Freeview visualization tools and compared against the actual brain regions, and in case of a discrepancy, were corrected manually.
Cortical thickness was measured as the distance between the gray and white matter surface and the gray and CSF surface at each point across the cortical mesh. The points on each subject's surface mesh were resampled into the standard surface mesh "fsaverage" given in the FreeSurfer package.
Using a validated automated labeling system , the cortex was parcellated into 33 different gyrus-based areas in each hemisphere, and mean thickness was averaged in each area. This resulted in mean cortical thickness calculations for 66 regions divided among the 2 hemispheres. For the primary analyses, the corresponding values in the 2 hemispheres were averaged to yield 33 cortical thickness measures, but very similar results were obtained with analyses on all 66 regions.
Analyses
A procedure described in Karama et al. (2011) for assessing common and domain-specific cognitive factors was used with both the cognitive and cortical thickness measures. The procedure can be considered equivalent to the bifactor structural model portrayed in the bottom of Fig. 1 and yields values of the common factor and of specific (i.e., independent of the common factor) group factors for each participant. The first step in the procedure involves derivation of a common factor, often designated g with cognitive measures, by saving scores from the first unrotated factor in a principal axis factor analysis. (A principal axis factor analysis was used rather than a principal components analysis because the goal was to determine the structure among the shared variance in the measures and not to identify mathematically-independent components from the total variance in the measures.) The second step consists of the derivation of factor scores by saving scores from a principal axis factor analysis with Promax (oblique) rotation. The third step consists of regressing the common factor score obtained in step 1 from the factor scores obtained in step 2 to derive specific factor scores that are independent of what is shared among all measures. The outcomes of this procedure are separate estimates of the common factor and of each specific factor for every participant.
Because of the large number of statistical comparisons, use of a conventional significance level of 0.05 would likely lead to some significant results because of chance. To minimize this possibility, significance levels of 0.01 and 0.001 are reported for all statistical tests, with the latter value considered a more conservative significance level.
Results
The initial factor analysis on the 12 cognitive measures yielded 3 factors with eigenvalues >1. However, prior research with similar measures (e.g., Salthouse and Ferrer-Caja, 2003; Salthouse, 2009) suggested the existence of 4 factors, and therefore, the analysis was repeated after specifying 4 factors. This analysis resulted in the expected pattern of loadings of the measures on factors corresponding to vocabulary, memory, speed, and reasoning, as indicated in Table 2 . Correlations among the factors ranged from 0.18 to 0.67, with a median of 0.49. The first unrotated principal factor was associated with 40.4% of the variance in the 12 cognitive measures, and the 4 factors together were associated with 80.1% of the variance. Entries in the right-most column in Table 2 are loadings on the common, first unrotated principal axis, factor. The initial factor analysis on the 33 cortical thickness measures yielded 6 factors with eigenvalues >1, but 2 factors were dominated by measures from the temporal lobe. The analysis was therefore repeated after specifying 5 factors, and the loadings of the thickness measures on the 5 factors are reported in Table 3 . Inspection of the measures with the highest entries in each column suggests that the factors approximately correspond to the parietal, temporal, cingulate, frontal, and occipital regions. Correlations among the factors ranged from 0.31 to 0.76, with a median of 0.64. The first unrotated principal factor was associated with 49.8% of the variance across the 33 cortical thickness measures, and the 5 factors together were associated with 70.4% of the variance. Loadings on the common, first unrotated principal axis, factor are reported in the right-most column in Table 3 .
Four sets of results suggest that, at least in terms of individual differences, the cortical thickness measures were less distinct from one another than the cognitive measures. That is, relative to the cognitive measures, the thickness measures had a higher percentage of variance associated with the first factor (i.e., 49.8% vs. 40.4%), a higher median correlation between factors (i.e., 0.64 vs. 0.49), a smaller difference between the loadings of the variables on the designated factor and the loadings on the other factors (i.e., the median difference in loadings between the bold and non-bold values in each row, excluding the common factor, was 0.25 for the cortical thickness measures and 0.44 for the cognitive measures), and a higher median loading of the measures on the common factor (i.e., 0.75 vs. 0.65). Taken together, these findings indicate that there is less differentiation across people in the cortical thickness measures than in the cognitive measures. The justification for considering measures in terms of an organizational structure instead of independently is therefore at least as strong for the cortical thickness measures as for the cognitive measures. Fig. 2 portrays the means (and standard errors) of the common (first principal factor) cognition and cortical thickness factors by age decade. Potential quadratic age relations on the common cognition and common cortical thickness factor scores were also examined, but they were not significant (p > 0.5).
A regression analysis was conducted to investigate whether the relation between the common cortical thickness factor and the common cognitive factor varied as a function of age. The outcome variable in the analysis was the common cognitive factor score and the predictor variables were age, the common cortical thickness factor, and the interaction of age and the cortical thickness factor. To minimize collinearity of the predictors, the age and common cortical thickness factors were centered before multiplying them with one another to form the interaction term. Standardized coefficients from this analysis were À0.34 for age, 0.19 for cortical thickness, and 0.02 for the interaction. The 2 main effects were significant (p < 0.005), indicating that the common cognitive factor was smaller with increased age, but larger with higher values of cortical thickness. However, the interaction was not significant (p > 0.6), and therefore, there was no evidence in these data that the relation between cortical thickness and cognition varied as a function of age. Measures are labeled with the FreeSurfer terminology. Values in bold indicate the factor on which each region loads most highly. Entries in the column labeled "Common" are loadings on the unrotated first principal axis factor based on a separate analysis. Table 4 contains correlations between the cortical thickness factors and the cognitive factors before (column 1) and after (column 2) control of the relations at the level of common factors and before (columns 1 and 2) and after (columns 3 and 4) control of the variation in age. The entries in the first column correspond to the conventional analyses in which the thickness factors and cognitive factors are each treated independently. It can be seen that the cortical thickness correlations were largest with the speed cognitive factor, intermediate for the reasoning and memory factors, and small with the vocabulary factor. However, the common cortical thickness and common cognition factors were correlated 0.41 with one another, and when a relation between these factors was specified, many of the previously significant correlations among the specific factors were substantially reduced, as indicated by the entries in the second column.
The entries in the third column of Table 4 indicate that after control of the variation in age, only a few of the correlations between cortical thickness factors and cognitive factors were significant. Furthermore, when relations between the common factors were also specified, as in the fourth column, the correlation of the common factors was 0.16 (compared to 0.41 when age was not controlled), and none of the correlations between specific factors were significant at the conservative p < 0.001 level.
Comparison of the correlations in columns 1 and 2 of Table 4 indicates that many of cortical thicknessecognition relations can be inferred to operate at the level of the common factors because the correlations between the cortical thickness and cognition factors were substantially reduced when common factors were included in the analysis. In addition, comparison of the correlations in columns 1 and 3 (and those in columns 2 and 4) indicates that many of the cortical thicknessecognition relations are attributable to the relations of the measures with age because the factor correlations were much smaller when the variability in age was statistically controlled.
Discussion
A popular approach to investigating neural-cognition relations involves examining the association between a set of neural measures and a set of cognitive measures, with each neural-cognitive pair treated independently. For example, a bivariate analysis in the data from this study might focus on the relation between the score on the block design test and cortical thickness in the superior temporal region. The correlation between these measures in the present study was 0.34, which could be interpreted as evidence that cortical thickness in the superior temporal region is one of the neural substrates of block design performance.
However, there is a long history of research with cognitive measures indicating that individuals who have high scores on one cognitive measure tend to have high scores on other cognitive measures. Moreover, organizational structures have been postulated in which the measures are grouped according to the strength of the correlations with one another. Most of the structures have several factors corresponding to distinct cognitive abilities, and an additional factor representing variance common to all cognitive measures (i.e., the general, or g, factor).
Many recent studies investigating neural substrates of cognition have relied on these types of organizational structures to examine associations with cognition at different levels of abstraction. For example, instead of linking neural measures to specific cognitive measures, researchers have examined associations of both general and specific cognitive factors with lesion location (e.g., Barbey, et al., 2013; Glascher et al., 2010) , regional volume (e.g., Colom, et al., 2009; Roman et al., 2014) , white matter integrity (e.g., Booth, et al., 2013; Penke et al., 2010; , cortical surface area (e.g., Roman et al., 2014) , and cortical thickness (e.g., Choi et al., 2008; Karama et al., 2011; Menary et al., 2013; Roman et al., 2014) .
Perhaps because of the interest in regional specialization, less research has been conducted examining the organization of neural measures across different brain regions. However, several recent studies have reported significant correlations among neural measures in different regions, and in some of these studies the measures have been organized into correlation-based structures (e.g., Ecker, et al., 2009; Li et al., 2012; Lovden et al., 2013 Lovden et al., , 2014 Penke, 2010 Penke, , 2012 Wahl et al., 2010) .
At least 2 prior studies have relied on an organizational structure of neural measures when examining neural-cognitive relations. In the first, Penke et al. (2010) found that measures of white matter integrity in different tracts could be organized into a general factor which had significant associations with a general factor of speed. The second study, Salthouse (2011) , was a reanalysis of measures of regional volumes and cognitive functioning originally reported in Kennedy et al. (2009) . Although a significant relation was evident between a specific neural measure (i.e., lateral prefrontal volume) and a specific cognitive measure (i.e., fluid intelligence) in the bivariate analyses, no specific relations were evident when the associations were also examined between common factors of regional volume and cognitive measures. The present study extended this type of multilevel neuralcognitive analysis with 33 cortical thickness measures and 12 cognitive measures. The results confirmed that neither cognitive nor neural measures exist in isolation. For example, the entries in Table 2 indicate that the block design measure had a loading of 0.890 on a first-order reasoning factor and a loading of 0.664 on a common cognitive factor. In addition, the entries in Table 3 indicate that measure of cortical thickness in the superior temporal region had a loading of 0.829 on a temporal lobe factor and a loading of 0.844 on a common cortical thickness factor. These strong loadings indicate that there are substantial interrelations among the cognitive measures on one hand and among the neural measures on the other hand.
The lack of independence among the measures raises the possibility that relations between neural measures and cognitive measures could exist at different levels. That is, the relation could be between what is unique to each measure, between what is shared with similar measures reflecting the same constructs, or between what is common to different measures. However, influences at different levels cannot be distinguished unless the measures are considered in the context of an organizational structure.
The structure portrayed in Fig. 1B represents neural-cognition relations at the level of specific factors, and the entries in the first column of Table 4 indicate that the cortical thickness factors had significant positive correlations with all cognitive factors except for vocabulary. Of particular interest is that the correlation of the reasoning factor with the temporal lobe factor was 0.39, but the correlation between block design score and superior temporal thickness was only 0.09 after partialling the variance in the reasoning and temporal lobe factors.
The structure portrayed in Fig. 1C represents relations at both the level of specific factors and general factors, and the results in second column of Table 4 indicate that most of the thicknesscognition relations were considerably reduced after controlling the relation between the common factors for each type of measure. For example, the reasoning-temporal lobe thickness correlation was reduced from 0.39 to 0.05. Furthermore, after partialling the variance in both the specific and general factors, the correlation between the block design score and cortical thickness in the superior temporal region was only 0.08.
An important implication of these results is that neural measures in particular brain regions and scores on particular cognitive tests each have multiple influences, and if the influences are not distinguished, interpretations of the associations may be misleading. In the case of the relation between block design score and cortical thickness in the superior temporal region, the correlation was 0.34 when the measures were considered in isolation, but it was only 0.08 when the measures were considered in the context of other related measures. Merely because a single relation between 2 measures is being analyzed therefore does not mean that influences those measure share with other measures are not operating. Only by simultaneously considering shared and unique influences is it possible to accurately identify the contribution of unique influences. In this particular example, it would have been misleading to conclude that there was a specific relation between block design score and cortical thickness in the superior temporal region because the relation was greatly reduced when it was examined in the context of relations at broader levels of aggregation.
The results of this study suggest that many relations between measures of cortical thickness and measures of cognition appear to operate at a broad level representing what is common among many measures and not exclusively at the level of factors or specific measures. In this respect, the results are consistent with previous studies involving measures of white matter integrity (e.g., Booth et al., 2013; Penke et al., 2010) and regional volume (Salthouse, 2011) . That is, each of these studies found that most of the associations between the neural measures and the cognitive measures were at the most general level corresponding to variance common across different brain regions and different cognitive measures.
Inspection of the entries in Table 4 reveals that most of the cortical thicknessecognition relations were eliminated after control of the relation between the common factors and/or control of the variation in age. However, some relations were significant at the 0.01 level but not with the more conservative 0.001 level. These specific relations could be genuine, but because they are apparently not as robust as the other results in the study, it may be prudent to wait for them to be replicated before speculating about their meaning.
The empirical evidence supporting the existence of a common cognitive factor is extensive, but there is still no consensus on whether the g factor in cognitive abilities is merely a statistical abstraction or whether it has a substantive existence in the form of a fundamental process or capacity such as working memory. Because research on common neural factors is much more recent, it may be some time before their nature is fully understood. Although the neurobiological bases of common cortical thickness factors and common cognitive factors are not yet known, they can be postulated to reflect systemic characteristics within an individual, such as those responsible for the sizes of different bones or for the strengths of different limbs. Relations between bone size and limb strength could be examined in analyses of the size of individual bones and the strengths of particular limbs, but because neither bone size nor strength in different parts of the body are likely to be independent, some of those relations may reflect more general influences such as those between general stature and overall strength. Our suggestion is that an analogous situation applies when considering relations between neural measures and cognitive measures, and that specific relations are best interpreted in the context of relations that may be operating at more general levels. That is, rather than interpreting relations between particular neural measures and particular cognitive measures in isolation, we propose that it will often be more meaningful to interpret them relative to relations that exist both within, and between, other neural and cognitive measures.
The second major issue addressed in this study was whether at least some of the relation between a neural measure and a cognitive measure could be attributable to the relation of each measure to age. This possibility was investigated by using statistical procedures to control the variation in age, which had the effect of conducting the comparisons at the average age in the sample. The results in the third and fourth columns of Table 4 compared to those in the first and second columns indicate that the associations between the cortical thickness measures and the cognitive measures were substantially reduced when the variability in age was statistically controlled. These findings are therefore consistent with the hypothesis that at least some of the associations evident in ageheterogeneous samples are attributable to the influence of age on both cortical thickness and cognition. A similar finding of reduced cortical thicknessecognition relations after control of the variation in age was reported by Menary et al. (2013) in a sample of participants between 9 and 24 years of age.
It is sometimes assumed that a neural-cognition association evident in late adulthood reflects causal processes that have gradually become more salient with increasing age. Evidence relevant to this assumption is available from the regression analysis predicting the general cognitive factor from age, the general cortical thickness factor, and their interaction. Of particular interest in this analysis was the finding that the interaction of age and cortical thickness was very small, and not significantly different from zero. There was therefore no evidence in these results that the neural-cognition relations were stronger at older ages, as one might expect if diminished values of cortical thickness impose progressively more constraints on cognitive functioning at older ages. Another result consistent with this interpretation was the recent finding by Karama et al. (2014) of a significant association between cortical thickness measured in old age and cognitive functioning assessed in childhood, because this implies that the thickness-cognition association is apparent at all ages and is not unique to the period of late life.
Several possible limitations of the study can be identified. For example, the measures of cortical thickness were relatively crude because they were based on aggregation of cortical thickness measures across 33 gyrus-defined cortical regions. It is therefore possible that there could be more evidence of selective relations with specific cognitive factors, and weaker relations with a common cortical thickness factor, with a finer level of resolution, and potentially higher dimensionality, of the cortical thickness measures. Another potential limitation is that results were based on cross-sectional comparisons of people across a 60-year age range. Smaller thickness-cognition relations might be evident among the changes in thickness and in the changes in cognition in longitudinal comparisons across shorter intervals. It is also possible that some of the older adults in the study may have been in preclinical stages of dementia, and the screening of physical and mental status described in Section 2 may not have detected all these individuals, in which case the estimates of the common factors may have been inflated.
In conclusion, an analytical strategy was proposed in which the correlational structures among measures in neural and cognitive modalities are determined before examining relations between the 2 types of measures. The strategy was illustrated with cortical thickness in 33 different brain regions as the neural measures and scores on 12 cognitive tests as the cognitive measures. The major findings were that there were moderately strong relations between measures of cortical thickness and measures of cognitive functioning but that those relations were greatly reduced after adjusting for the relation between the common variance in each set of measures. These results imply that many of the relations between cortical thickness and cognition operate at a relatively broad level corresponding to the variance common across cortical thickness in different brain regions and corresponding to the variance common across different cognitive measures. In addition, because the thickness-cognition relations were substantially reduced after controlling the variability in age, at least some of those relations in age-heterogeneous samples can be inferred to be attributable to the associations of both cortical thickness and cognition with age.
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